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Abstract Biotechnological production of vanillin is gaining
momentum as the natural synthesis of vanillin that is very
expensive. Ferulic acid (FA), a costly compound, is used as
the substrate to produce vanillin biotechnologically and the
making process is still expensive. Therefore, this study inves-
tigated the practical use of an agrobiomass waste, rice bran,
and provides the first evidence of a cost-effective production
of vanillin within 24 h of incubation using recombinant
Pediococcus acidilactici BD16 (fcs+/ech+). Introduction of
two genes encoding feruloyl CoA synthetase and enoyl CoA
hydratase into the native strain increased vanillin yield to
4.01 g L−1. Bioconversion was monitored through the trans-
formation of phenolic compounds. A hypothetical metabolic
pathway of rice bran during the vanillin bioconversion was
proposed with the inserted pathway from ferulic acid to van-
illin and compared with that of other metabolic engineered
strains. These results could be a gateway of using recombinant
lactic acid bacteria for industrial production of vanillin from
agricultural waste.
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Introduction

Acceptance and quality of food and beverages are influenced
by their flavors. In food industry, vanillin is used as the most
popular flavoring agent in terms of consumption level (Kaur
and Chakraborty 2012). Vanilla pod is very expensive to grow
and takes a long time for its maturation (Odoux and Grisoni
2010). According to European regulation on flavors (EC no.
1334/2008), biotechnological approaches can be labeled as
Bnatural^ for product formation and thus can be followed as
an interesting alternative for the production of vanillin.
Various substrates have been employed to fulfill the increasing
demand for natural production of vanillin. For example,
ferulic acid (FA) using Streptomyces setonii ATCC 39116
(Achterholt et al. 2000), Pycnoporus cinnabarinus
MUCL39533 (Lesage-Meessen et al. 2002), Pseudomonas
putida (Plaggenborg et al. 2003), and Amycolatopsis sp.
HR167 (Overhage et al. 2006); eugenol using Pseudomonas
sp. HR199 (Rabenhorst et al. 2000) and Rhodococcus opacus
PD630 (Plaggenborg et al. 2006); isoeugenol using
Pseudomonas chlororaphis CDAE5 (Kasana et al. 2007);
and vanillic acid using P. cinnabarinus MUCL39533
(Lesage-meessen et al. 2002). FA precursors from common
agricultural waste residues such as cereal bran, sugar beet
pulp, rice bran oil, and maize bran were used as the sources
for FA to synthesize vanillin using fungi (Aspergillus niger
I-1472, P. cinnabarinus, A. niger I-1472, P. cinnabarinus
MUCL 39533, A. niger CGMCC0774, P. cinnabarinus
CGMCC1115). However, this process has been accomplished
in two steps; in the first step, FA was released from waste
residue using ferulic acid esterase (FAE) producing strains
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(A. niger I-1472 and A. niger CGMCC0774) but in the second
step, FA was converted into vanillin using Pycnoporus sp.
(Kaur and Chakraborty 2013). Besides the expensive sub-
strates, two-step processes which are consuming long bio-
transformation time (e.g., more than 72 h) also make the pro-
cess very expensive in the industrial settings. Therefore, with
the aim for the production of inexpensive and natural food
grade vanillin with less biotransformation time, the applica-
tion of lactic acid bacteria (LAB) has recently been proposed
recently due to its generally recognized as safe (GRAS) status.

The LAB isolate (strain was isolated from milk prod-
uct, e.g., Paneer) Pediococcus acidilactici BD16 previ-
ously designated as MTCC 10973 was used to release
the phytosterols of rice to be used as the FA precursor
and eventually to produce vanillin (Cicero and Derosa
2005; Kaur et al. 2013a, b). However, low vanillin pro-
ductivity (1.06 g L−1) due to vanillin degradation was
observed when the native BD16 strain was used (Kaur
and Chakraborty 2013) as also observed in other studies
(Overhage et al. 1999; Yoon et al. 2005a, b). Therefore, to
enhance the vanillin yield, P. acidilactici BD16 was ge-
netically engineered by subcloning vanillin biosynthetic
cassette having feruloyl CoA synthetase (fcs) and enoyl
CoA synthetase (ech) genes into pLES003 shuttle vector
(accession no. AB370338) from pCC1 (T7/fcs

+/ech+) vec-
tor (accession no KJ543568) of Escherichia coli top 10
(fcs+/ech+). Expression of fcs and ech genes and FA to
vanill in biotransformation through coenzyme A-
dependent pathway in the recombinant P. acidilactici

BD16 (fcs+/ech+) was reported recently (Kaur et al.
2014). For vanillin production, FA was used as substrate
for many other engineered strains like E. coli DH5α,
E. coli M109, E. coli DH5α (pTAHEF-gltA+/icd),
Pseudomonas fluorescens (vdh−), E. Coli BL21 and
E. coli top 10 (fcs+/ech+) where ech and fcs genes origi-
nated from various organisms like Amycolatopsis sp.
HR167, Amycolatopsis sp. HR104, Delftia acidovorans,
Pseudomonas sp. HR199, P. fluorescens BF13, and the
genes were expressed using E. coli-inducible expression
systems (Overhage et al. 1999; Achterholt et al. 2000;
Overhage et al. 2003; Yoon et al. 2005a, b; Barghini
et al. 2007; Yoon et al. 2007; Ruzzi et al. 2008; Lee
et al. 2009; Song et al. 2009; Di Gioia et al. 2011; Yang
et al. 2013; Chakraborty et al. 2016) (Table 1). High price
of FA and its low solubility in water, low vanillin produc-
tivity, complex downstream processing costs, and genetic
instability were major drawbacks of using FA as a sub-
strate for vanillin synthesis. Therefore, in this study, we
focused on utilizing rice bran as sole substrate for van-
illin production using recombinant strain P. acidilactici
BD16 (fcs+/ech+). Statistically optimized conditions of
rice bran medium (RBM) as cultivation medium for the
recombinant strain for vanillin production were investi-
gated and vanillin degradation of recombinant strain was
evaluated using vanillin dehydrogenase (Vdh) activity
assay. Fur the rmore , the process e f f i c i ency of
P. acidilactici BD16 (fcs+/ech+) was evaluated in terms
of FA consumption to vanillin production and compared

Table 1 Comparison of vanillin yields obtained from different substrates using native and recombinant strains

Strain Substrate Vanillin yield Time (h) Reference

1. A. niger I-1472,
P. cinnabarinus

834 mg L−1 FA (hydrolyzed
sugar beet pulp)

253 mg L−1 192 Lesage-Meessen et al. (1999)

2. A. niger I-1472,
P. cinnabarinusMUCL
39533

FA (hydrolyzed maize bran) 767 mg L−1 168–192 Lesage-Meessen et al. (2002)

3. A. niger
CGMCC0774,P. cinnabar-
inus CGMCC1115

FA (hydrolyzed rice bran oil) 2.8 g L−1 72 Zheng et al. (2007)

4. L. brevis, L. hilgardii,
L. plantarum, P. damnosus,
Oenococcus oeni

FA In traces – Bloem et al. (2007)

5. Phanerochaete
chrysosporium

Green coconut husk 52.5 μg g−1 24 Barbosa et al. (2008)

6 E. coli (fcs+/ech+) Green coconut husk 6.6 kg kg−1 biomass 24 Ruzzi et al. (2008)

7 P. fluorescens (vdh−) Wheat bran 1.3 g L−1 24 DI Gioia et al. (2011)

8. A. niger, P. chrysosporium FA (hydrolyzed paddy straw) 0.085 g L−1 288 Salleh et al. (2011)

9. P. acidilactici Rice bran containing
0.257 mM FA

1.27 g L−1 16 Kaur and Chakraborty (2013)

10. P. acidilactici BD16
(fcs+/ech+)

Rice bran containing
0.257 mM FA

4.01 g L−1 24 This study
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with another metabolic engineered strain E. coli top 10
(fcs+/ech+). In addition, a metabolic pathway of biotrans-
formation of the rice bran phenolics to vanillin was pre-
dicted through chromatographic metabolite analysis.

Materials and methods

Chemicals

Coenzyme A (99% pure, MP chemicals), adenosine tri phos-
phate (99%, HiMedia Laboratories), vanillin (99%) and hy-
drochloric acid (35–38%) (s.d. Fine-Chem. Ltd), ammonium
nitrate (98%, Nice Chemicals Pvt. Ltd.), maltose (98%, Sisco
Research Laboratories Pvt. Ltd.), thiobarbituric acid (99%,
BDH), adenosine tri phosphate (99%), dextrose (99%), tri-
ammonium citrate (98.5%), di-potassium hydrogen phosphate
(99%), magnesium sulfate (99.5–100%), manganous sulfate
(98%), magnesium chloride (99%), sodium acetate (82.03%),
sodium di-hydrogen orthophosphate (99%), and di-sodium
hydrogen orthophosphate (99%) (HiMedia Laboratories Pvt.
Ltd.) were obtained and used for biotransformation assay
without any processing.

Microorganisms and culture condition

P. acidilacticiBD16 (fcs+/ech+) (Kaur et al. 2014) was used as
host for the expression of FA catabolic genes fcs-encoding
feruloyl CoA synthetase and ech-encoding enoyl CoA
hydratase. P. acidilactici BD16 (fcs+/ech+) was revived in de
Man, Rogosa, and Sharpe (MRS) broth (containing 20 g L−1

dextrose, 10 g L−1 beef extract, 10 g L−1 peptone, 5 g L−1

sodium acetate, 5 g L−1 yeast extract, 2 g L−1 tri ammonium
citrate, 2 g L−1 di-potassium hydrogen phosphate, 0.1 g L−1

magnesium sulfate, 0.05 g L−1 manganese sulfate, and 1 mL
tween-80, pH 5.6) under stationary conditions at 37 °C for
24 h. Erythromycin was added at a final concentration of
25 μg mL−1 for selection of recombinant strains. After two
subculturings, 1% (v/v) inoculum of culture was transferred
into 250-mL flasks containing 50 mL of MRS medium. After
overnight cultivation, each culture was used as final inoculum
for all biotransformation reactions. Recombinant E. coli top
10 (fcs+/ech+) (Chakraborty et al. 2016) was grown in Luria
broth (LB) (containing 10 g L−1 tryptone, 5 g L−1 yeast ex-
tract, 1 g L−1 sodium chloride, pH 7) under shaking conditions
at 30 °C for 24 h. Chloramphenicol and L-arabinose were
added at a final concentration of 25 μg mL−1 and 0.1% for
selection of strain and as inducer, respectively. After two
subculturings, 1% (v/v) inoculum of each culture was trans-
ferred into 250-mL flasks containing 50 mL of MRS and LB
medium, respectively. After overnight cultivation, each inoc-
ulum was used as final inoculum for all biotransformation
reactions.

Vdh activity assay by HPLC

Vdh activity was determined in synthetic medium consisting
of 1 g L−1 vanillin, 1 mL tween-80, 2 g L−1 triammonium
citrate, 5 g L−1 sodium acetate, 0.1 g L−1 magnesium sulfate,
0.05 g L−1 manganous sulfate, and 2 g L−1 di-potassium hy-
drogen phosphate. The Vdh assay was carried out at pH 5.6,
and vanillin was used as sole carbon source. Recombinant
strain P. acidilactici BD16 (fcs+/ech+) was cultured in
500-mL flasks containing 100 mL vanillin synthetic medium
at 37 °C for 24 h. One milliliter of culture aliquot from the
synthetic medium was withdrawn after 24 h and centrifuged.
Vanillin and other phenolic metabolites produced on synthetic
medium by selected isolates were partitioned with equal vol-
ume of ethyl acetate. HPLC analysis was performed of ethyl
acetate part according to the protocol described previously
Landete et al. (2010). FA, vanillin, vanillic acid, 4-
ethylphenol, and vanillyl alcohol (VAL) were used as
standards.

Comparative study of FA to vanillin biotransformation
in recombinant strains using synthetic medium

E. coli top 10 (fcs+/ech+) and P. acidilactici BD16 (fcs+/
ech+) were transferred to minimal media containing
5 g L−1 sodium acetate, 2 g L−1 di-potassium hydrogen
phosphate, 2 g L−1 tri ammonium citrate, 0.1 g L−1 mag-
nesium sulfate, 0.05 g L−1 manganous sulfate, and
1 mL L−1 tween-80 (pH 5.6), supplemented with
0.2 g L−1 (1030 nM) FA. FA to vanillin biotransforma-
tion was assayed at 37 °C for 24 h, using 1% v/v inoc-
ulum of recombinant P. acidilactici BD16 (fcs+/ech+)
and E. coli top 10 (fcs+/ech+). The rate of FA consump-
tion was measured using spectroscopic method (A310)
(Kaur et al. 2013b), and the rate of vanillin production
in synthetic medium was estimated using thiobarbutyric
acid (TBA) reagent (Converti et al. 2010) at 6 h intervals
for 24 h.

RBM

Critically composite design (CCD)-optimized rice bran
media containing 150 g L−1 rice bran, 0.05 g L−1 FA
(257.5 nM) (as inducer), 5 g L−1 peptone, 2 g L−1 ammo-
nium nitrate, and 1 mL L−1 tween-80, pH 5.6, developed
by Kaur and Chakraborty (2013), was used in this study,
and FA release in the fermenting medium from rice bran
and FA to vanillin transformation was estimated according
to Kaur et al. (2013b) and Converti et al. (2010) after
inoculating with 1% v /v culture of recombinant
P. acidilactici BD16 (fcs+/ech+). Fermented media was
centrifuged to remove rice bran partials, and the superna-
tant was acidified to pH 2.0 with 6 N HCl. Finally,
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phenolics were extracted using equal volume of ethyl ac-
etate (1:1 v/v). Release of FA in RBM and the molar
conversion rate of FA to vanillin were estimated at 6 h
intervals for 24 h using the standard method of Narbad
and Gasson (1998).

Recovery of vanillin from fermentation medium

Aliquots of fermented media were centrifuged at 8 h interval
up to 24 h of incubation to remove rice bran partials. Solvent
extraction was carried out to separate vanillin from fermenta-
tion medium. Supernatant was acidified to pH 2.0 with 6 N
HCl; extracted three times with equal volume of ethyl acetate;
and concentrated using rotary vacuum evaporator at 50 °C and
recovered in 5 mL of 80% of methanol (Narbad and Gasson
1998; Kaur et al. 2013b). Vanillin from phenolic fraction was
initially recovered in water, followed by refrigeration at 4 °C
to crystallize vanillin (Eugene 1958). Yellow needle-like crys-
tal vanillin was separated and characterized.

Metabolome profiling by LCMS-ESI

Biotransformation of rice bran to vanillin was evaluated in
CCD optimized RBM at 37 °C and 180 rpm for 24 h using
1% v/v inoculum of recombinant P. acidilactici BD16 (fcs+/
ech+). Rice bran fermented media was sampled for every 8 h
and centrifuged to remove bran partials; supernatant was acid-
ified to pH 2 with 6 N HCl followed by extraction with equal
volume of ethyl acetate (Narbad and Gasson 2000). The ex-
tracts were concentrated using rotary vacuum evaporator and
residue was used for LCMS-MS analysis. Release of FA from
rice bran and its further bioconversion to other phenolics in-
cluding vanillin was estimated using LCMS-electron spray
ionization (ESI) method using LCMSn (n = 9) (Thermo,
Model-LTQ-XL) with ESI probe at 8 h interval for 24 h.
Metabolites were analyzed in a positive mode over am/z range
of 100 to 300 using a C18 column (length—25 cm, and ID—
4.6 mm). Metabolomic profiling data was processed as

described previously by Liu and Rochfort (2013) to identity
each metabolite using Mass Data Bank.

Statistical analysis of data

SPSS 20.0 statistical software was used to analyze correlation
coefficient (two-tailed) and regression analysis. Metabolites
were detected using LCMS-MS spectral analysis method
based upon their relative abundance during biotransformation
and fragmentation patterns represented in MS. The significant
correlations and regression analysis among FA, caffeic acid,
vanillin, catechol, homovanillic acid, trans-cinnamic acid, and
meta-methoxy cinnamic acid were analyzed.

Results

Vdh activity assay by HPLC

Vanillin was determined in synthetic medium fermenting
P. acidilactici BD16 (fcs+/ech+) after 0 h (early of the bio-
transformation) and 24 h to detect whether vanillin was de-
graded into VAL by Vdh activity of the strain or not. But the
peaks obtained during HPLC at 0 h and after 24 h confirmed
that more than 90% of the vanillin levels remained the same as
before (Fig. 1). This is due to absence of Vdh activity in the
medium or due to microorganism’s lack of interest to uptake
vanillin as a carbon source.

FA to vanillin biotransformation

FA to vanill in biotransformation by recombinant
P. acidilactici BD16 (fcs+/ech+) and E. coli top 10 (fcs+/
ech+) was comparatively studied in different media. Within
6 h, 20 nM of FAwas transformed into 7 nM of vanillin with
P. acidilactici BD16 (fcs+/ech+) in (minimal media + dextrose
+ FA inoculated with P. acidilactici BD16 (fcs+/ech+)
(Fig. 2a; Table 2) medium whereas 9 nM of FA to 41.2 nM

Fig. 1 HPLC analysis of vdh
activity of selected isolates a at
1 h and b after 24 h by
recombinant P. acidilactici BD16
(fcs+/ech+)
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of vanillin biotransformation was observed in E. coli top 10
(fcs+/ech+) (minimal media + dextrose + FA inoculated with
E. coli top 10 (fcs+/ech+) (Fig. 2c; Table 2) when synthetic
medium was used. However, in CCD optimized RBM
(Fig. 2b; Table 2), 29.86 nM FA was released into the RBM

medium and simultaneously 101.1 nM of vanillin production
was also observed with P. acidilactici BD16 (fcs+/ech+).
Release of FA is early hours due to FAE activity of the strain
(Fig. 2b; Table 2). With increasing time from 6 to 12 h, FA
level was increased where 594.5 nM of FA production was

Fig. 2 FA conversion to vanillin
in a minimal media + dextrose +
FA and in b CCD optimized
RBM using recombinant
P. acidilactici BD16 (fcs+/ech+)
as well as in c minimal medium +
dextrose + FA using recombinant
E. coli top 10 (fcs+/ech+)

Appl Microbiol Biotechnol (2017) 101:5615–5626 5619



observed in CCD optimized RBM by P. acidilactici BD16
(fcs+/ech+), but no vanillin production was detected. In syn-
thetic medium (Fig. 2a, c; Table 2), vanillin production was
also not observed during this time with P. acidilactici BD16
(fcs+/ech+) and E. coli top 10 (fcs+/ech+), respectively. With
further increase in time (12–18 h), FA conversion rate was
increased in A medium where only 3 nM of FA retained but
155 nM of vanillin was produced with P. acidilactici BD16
(fcs+/ech+) while 1 nM of FA retention and 12.64 nM vanillin
production by E. coli top 10 (fcs+/ech+) were observed in
synthetic medium (Fig. 1c). The rate at which FA is liberated
from rice bran and the rate of production of vanillin were
found to be directly correlated in CCD optimized RBM
(Fig. 1b) during this time. In recombinant P. acidilactici
BD16 (fcs+/ech+), 703.2 nM of FA to 41,097.6 nM vanillin
production was observed which is the highest yield reported
among all the reported values available in the literature. At last
stage, within (18–24 h) of fermentation, 15.88 nM of FA to
6.31 nM of vanillin conversion was observed in recombinant
E. coli top 10 (fcs+/ech+) in case of synthetic medium
(Fig. 1c), which was a little less as compared to recombinant
P. acidilactici BD16 (fcs+/ech+), in which 10 nM of FA to
26.82 nM of vanillin conversion was observed. But, in RBM
medium, 55.62 nMof FA productionwas observed during this
time (18–24 h). In RBM (Fig. 1b), in total, conversion of
1383.2 nM of FA to 41,198.7 nM of vanillin was observed
after 24 h of fermentation with P. acidilactici BD16 (fcs+/
ech+), whereas 54.84 nM of FA to 188.82 nM vanillin and
29.88 nM of FA to 60.15 nM vanillin productions were ob-
served in synthetic media using P. acidilactici BD16 (fcs+/
ech+) and E. coli top 10 (fcs+/ech+), respectively, after 24 h
of fermentation (Table 2; Fig. 2a–c). Overall study revealed
that the rate of FA production, consumption, and its transfor-
mation to vanillin was more in recombinant P. acidilactici
BD16 (fcs+/ech+) than E. coli top 10 (fcs+/ech+) in RBM than
synthetic medium. It may be due to the fact that extracellular
enzyme expression was more in case of P. acidilactici BD16
(fcs+/ech+) than E. coli top 10 (fcs+/ech+) as described earlier
during kinetic analysis of cloned genes (Kaur et al. 2014).

Metabolic profiling to identify vanillin and metabolic
intermediates using LCMS-ESI

Within 1 h of fermentation FA, cinnamic acid fragmenta-
tion products and FA decarboxylation products such as
caffeic acid, homovanillic acid, and vanillin were con-
firmed in the biotransforming medium. LCMS study
clearly indicates that the release of cell wall-bound FA
from rice bran and other FA degradation products con-
firms FAE activity of the recombinant P. acidilactici
BD16 (fcs+/ech+) strain which helped to release FA from
highly cross-linked cell wall matrix of rice bran. Intensity
of cinnamic acid fragmentation product was highest than
all other metabolites in the biotransforming medium.
Same compounds with different amplitudes including
dihydroferulic acid appeared after 8 h. It was observed
that FA fragmentation product increases but meta-
methoxy cinnamic acid and cinnamic acid fragmentation
product decreases due to continuous biotransformation
flow into benzyl ion. Vanillin production in early hour
was probably due to FA into vanillin biotransformation
through homovanillic acid. De-esterifying activity of the
recombinant strain released FA in monomer and dimer
from the cell wall. Overall results indicate that with in-
creasing time, FA bioconversion to metabolites like meta-
methoxy cinnamic acid, caffeic acid, and vanillic acid was
observed during FA to vanillin biotransformation. After
16 h of biotransformation, increased amounts of FA frag-
mentation product were detected than other metabolites.
trans-Cinnamic acid and meta-methoxy cinnamic acid
were also detected but not in much abundance as reported
in early hours. On the other hand, concentration of benzyl
ion increased, with the detection of catechol and vanillin
fragmentation product in the RBM medium. Overall anal-
ysis confirms that a consistent FAE activity of the strain
and detection of 4-vinyl guaiacol in the medium also con-
firms vanillin formation through decarboxylation pathway
which was indicated in our previous report on native
strain M16 of recombinant P. acidilactici (fcs+/ech+)

Table 2 Comparative account of
FA production and consumption
to vanillin production detected
during biotransformation in
different media

P. acidilactici BD16 (fcs+/ech+) E. coli top10 (fcs+/ech+)

Medium MM + dextrose + FA RBM MM + dextrose + FA

Time (h) FA (nM) V (nM) FA (nM) V (nM) FA (nM) V (nM)

0–6 20 ± 2.43 7 ± 0.34 29.86 ± 2.34 101.1 ± 4.56 9 ± 1.2 41.2 ± 1.23

6–12 21.84 ± 3 0 594.54 ± 6 0 4 ± 0.86 0

12–18 3 ± 0.87 155 ± 3.65 703.18 ± 6.76 41,097.6 ± 9 1 ± 0.08 12.64 ± 0.56

18–24 10 ± 1 26.82 ± 2.21 55.62 ± 2.31 0 15.88 ± 1.24 6.31 ± 0.34

0–24 54.84 188.82 1383.2 41,198.7 29.88 60.15

Green highlighted values are representing FA production at different stages of bioconversion process
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(Kaur et al. 2013a). On the same time, vanillin fragmen-
tation via catechol was also observed in the RBM medium
(Table 3; Figs. S1–S3).

After 18 h of biotransformation, cleavage of benzene
ring with their fragmentation products and FA fragmenta-
tion product along with catechol in low abundance was
detected. Very interesting data was obtained from peak
with RT of 9.93 min, which reveals complete biotransfor-
mation of caffeic acid into cinnamic acid as no caffeic
acid was detected. Similarly, RTs 9.93 and 12.8 min
(Table 3; Fig. S4) are very important as vanillin was de-
tected in the RBM medium in maximum abundance for

the first time than early hours which confirms FA to van-
illin biotransformation as a function of FA concentration
in the biotransforming medium. Enzymatic activity of Fcs
and Ech results in higher vanillin production during fer-
mentation. Probability of vanillin production through
vanillic acid and homovanillic acid from FA through re-
ductive pathway cannot be neglected here as it is already
confirmed in the native strain P. acidilactici BD16. Sharp
peak of vanillin after 24 h of biotransformation confirmed
successful expression of cloned Fcs and Ech enzymes by
the recombinant P. acidilactici BD16 (fcs+/ech+) which
was detected from LCMS peak of RT at 12.98 min

Table 3 Detection of important metabolites for identification of FA to vanillin biotransformation pathway

Compound Molecular
mass

Fragmentation
observed at m/z ratio
MS

Fragmentation observed at m/z ratio
MS2*

Metabolites detected during course of fermentation (m/z)

1 h 8 h 16 h 18 h 24 h

FA 194 193 [M-H]+ 60; 79; 96; 134 [M-H-(CO2+
CH3)]

−,145, 147; 149
[M-H-CO2]

−; 176; 178
[M-H-CH3]

−; 191; 249, 296

193;60;
79

79, 96,
176

194, 79, 96, 149,
178, 249, 296

79, 96

60, 194, 79, 96,
149, 176

Dihydro FA 196 195, 196 197 – 197 195 – 195

Cinnamic acid 148 149 [M+H]+ 65 [C6H5]
+; 77 [C6H6]

+; 103 [M+
H-HCOOH]+; 121 [M+H-CO]+

65 65,
103

65, 103 65 –

trans-Cinnamic
acid

148 77 73, 75, 102, 145, 161, 205 73,102 75,102 102 73, 102

73, 102

Homovanillic
acid

182 181 67, 105, 122, 137, 166, 181 – – – – –

Vanillic acid 168 167 65, 91, 108, 123, 168, 167 – – – –

Coniferyl
alcohol

180 204 103, 131 – – – – –

4-Vinyl
guaiacol

150 150 77, 107, 135 – – 150 150 135, 150

Vanillin 152 152 52, 81, 109, 123, 137, 151 – – 137 152 152

Vanillin alcohol 154.17 154.18 – – – – –

Protocatechuic
acid

154.02 73, 109 108, 153, 193 – – – 73 73

Guaiacol 124 124 – – – – –

Catechol 110.1 109 91, 108 – – 110 110 110

3-Oxoadipate 160 73 75, 89, 126, 147 – – – 73 –

4-Ethylphenol 122 107 77, 122 – – – – –

4-Ethylguaiacol 137 – – – – –

4-Vinylphenol 120 – – – – –

Caffeic acid 180 179 [M-H]+ 73, 89 [M-H-(HCOOH+CO2)]
−, 135

[M-H-CO2]
−; 219

180 180 – 73 135

Salicylic acid 138 137 (M-H)− 93 (phenolate)− – – 137 – –

p-Coumaric
acid

164 165 [M+H]+ 77 [C6H5]
+; 119 [M+H-HCOOH]+;

147 [p-hydroxyl-cinnamoyl]+
– – – – –

Meta-methoxy
cinnamic acid

178 179 179 178 – – 179

MS corresponds to the daughter ions that are the further fragmented ions of MS fragmented products
Source directory for analysis of ESI data: MASS BANK database
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(Fig. 3). RT at 3.07 min revealed the presence of FA
fragmentation product, catechol, and meta-methoxy
cinnamic acid in the fermentation medium. Existence of
FAE activity in recombinant strain releases FA simulta-
neously in the medium with FA fragmentation to cinnamic
acid (Fig. 3). Presence of vanillin degradation product like
vanillyl alcohol was not detected in the fermentation me-
dium which is one of the major advantages of using

recombinant P. acidilactici BD16 (fcs+/ech+) for vanillin
biosynthesis gene expression.

A significant correlation was found among FA, van-
illin, caffeic acid, meta-methoxy cinnamic acid, trans-
cinnamic acid, and homovanillic acid. There is a nega-
tive correlation between abundance of FA, vanillin, cat-
echol, and trans-cinnamic acid, which means that the
concentrations of vanillin, catechol, and trans-cinnamic

Fig. 3 LCMS-ESI analysis of FA to vanillin biotransformation where a to d figures represent metabolite profiles of major peaks at 24 h
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acid increases as the amount of FA falls in the RBM.
Whereas correlat ions of FA with caffeic acid,
homovanillic acid, and methoxy cinnamic acid were
positive (Table 4), correlations between homovanillic
acid with vanillin and vanillin with catechol were neg-
ative, which emphasizes that homovanillic acid to van-
illin and vanillin to catechol bioconversion in rice bran
containing biotransformation medium are reversely
linked.

Regression analysis of FA with vanillin was found
significant at r = 0.727, P = 0.043, and r2 = 0.529
(Fig. S5a). The regression equation representing FA and
vanillin correlation is as follows: y1 = −1.323x1 + 12.89.
Regression analysis between FA with caffeic acid, trans-
cinnamic acid, and meta-methoxy cinnamic acid is rep-
resented with y2 = −1.323x2 + 12.89 (r = 0.684,
r 2 = 0 . 4 6 8 ) , a s o b s e r v e d f r om F i g . S 5 b ;
y3 = −0.455x3 + 12,724,425 (r = 0.477, r2 = 0.227), as
observed in Fig. S5c; and y4 = −0.112x4 + 5,250,881.81
(r = 0.360, r2 = 0.130), as indicated in Fig. S5d.
Homovanillic acid to vanillin bioconversion and vanillin
to catechol were confirmed and can be explained using
the following equation: y5 = −0.045x5 + 721,468.10
(r = 0.349, r2 = 0.122) and y6 = −0.064x6 +
4,779,782.83 (r = 0.262, r2 = 0.069), respectively, as
represented in Fig. S5e, f (shown in Fig. S5).

Recovery of vanillin from fermentation media

The amounts of vanillin crystal separated from the
fe rmen ted b ro th a t 0 and 8 h we re ve ry low
(0.17 ± 0.012 and 0.67 ± 0.032 g L−1, respectively), but
the amounts increased as the fermentation proceeded, and
finally, 4.01 g of crystal vanillin was recovered from 1 L
of media after 24 h of incubation (Fig. S6). Till date, such
a high vanillin yield using either native or recombinant
LAB s t r a i n was no t r epo r t ed . Mo l ecu l a r and

biotechnological approaches of vanillin production by
Kaur and Chakraborty (2012) discussed for the first time
about benefits and probability of using LAB strain for
vanillin production.

Discussion

Till date, only few LAB strains were reported to synthesize
trace amounts of vanillin along with side products during phe-
nolic biotransformations (Bloem et al. 2007). Earlier, various
approaches were followed including metabolic engineering
for production of vanillin from FA using E. coli and
Pseudomonas sp. (Table 1). With the aim of vanillin degrada-
tion, vdh knockout mutants of Pseudomonas sp. HR199 strain
were designed which accumulated only 2.9 mM of vanillin
from FA (Overhage et al. 1999) and same strategy was used
for Amycolatopsis sp. HR 167 (Overhage et al. 2003). In an-
other strategy, the vanillin dehydrogenase (vdh)-encoding
gene was inactivated via targeted mutagenesis and fcs and
ech genes were expressed in P. fluorescens BF13 (fcs+/ech+).
Resulted strain accumulated 8.41 mM of vanillin from FA
using wheat bran as FA precursor and longer incubation leads
to degrade vanillin (Di Gioia et al. 2011). With the aim to
increase genetic stability of the recombinant strain E. coli
FR13, Ruzzi et al. (2008) cloned genes encoding Fcs and
Ech of P. fluorescensBF13 into E. coli JM109 using low copy
plasmid vector pFR12. Using solid-state fermentation, green
coconut husk as substrate led to a final production of 6.6 kg of
vanillin per kilogram wet of biomass, which is the highest
yield found in the literature reporting recombinant E. coli.
But it makes the process more complex, and pathogenic strain
genetic instability (prone to mutation and unable to express
recombinant genes) was the other major concern for vanillin
production. Metabolic engineering approaches were imple-
mented for yeast strain (yeast; Schizosaccharomyces pombe
and Saccharomyces cerevisiae) by introducing shikimic acid

Table 4 Pearson correlation
analysis of phenolic metabolites
in RBM medium

FA Caffeic
acid

Vanillin trans-
Cinnamic
acid

Catechol Homovanillic
acid

Methoxy
cinnamic
acid

Caffeic acid 0.68 1 −0.81 −0.57 0.56 0.61 0.92*

Vanillin −0.73 −0.80 1 0.05 −0.26 −0.35 −0.61
trans-Cinnamic

acid
−0.48 −0.57 0.05 1 −0.22 −0.37 −0.54

Catechol −0.22 0.56 −0.26 −0.22 1 0.83 0.86

Homovanillic
acid

0.02 0.61 −0.35 −0.37 0.83 1 0.76

Methoxy
cinnamic acid

0.36 0.92* −0.61 −0.54 0.83 0.76 1

*Correlation is significant at the 0.05 level (two-tailed), n = 5
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pathway to confer their ability to convert glucose to vanillin
and gene knockout approach of the S. cerevisiae for alcohol
dehydrogenase ADH6 to prevent its further conversion into
vanillyl alcohol (Hansen et al. 2009; Brochado et al. 2010).
Glucose was converted into vanillic acid which was further
reduced to vanillin with 92% molar conversion within 7 h of
incubation in both the recombinants. The major drawback of

this strategy was the glycosylation step which implies reduc-
tion in the maximum theoretical yield and downstream pro-
cessing cost of vanillin was too high. This strain was reported
to produce up to 0.5 g L−1 of vanillin-D-glucoside. But, toxic
product accumulation poses severe limitations on the use of
engineered strains S. cerevisiae at industrial scale (Brochado
et al. 2010).

Fig. 4 Vanillin biosynthetic pathways identified in recombinant Pediococcus acidilactici BD16 (fcs+/ech+) in RBM
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Ours was the first report on utilization of a LAB strain
P. acidilactici BD16, which is also a natural vanillin producer
(Kaur and Chakraborty 2013; Kaur et al. 2013b). HPLC of
Vdh activity of the recombinant strain confirms retention of
vanillin in the medium. Both LCMS analysis and spectropho-
tometric analysis revealed that first 12 h biotransformation
process was dominated with FA production in the RBM with
the help of FAE activity of the recombinant strain. But, later
stage-released FA was spontaneously converted into vanillin
till 24 h. A total 4.01 g of crystal vanillin was separated from
rice bran media after 24 h. FA consumption to vanillin pro-
duction rate was observed many folds higher than native
P. acidilactici BD16 strain. Recombinant enzyme expression
in synthetic medium was different between P. acidilactici
BD16 (fcs+/ech+) and E. coli top 10 (fcs+/ech+) as the enzy-
matic expression was observed in early hours (first 6 h) for
E. coli top 10 (fcs+/ech+) and after 12 h for P. acidilactici
BD16 (fcs+/ech+). FA consumption to vanillin production
was more in P. acidilactici BD16 (fcs+/ech+).

Four probable pathways, (a) reductive pathway, (b) CoA-
dependent pathway, (c) CoA independent pathway, and (d) de-
carboxylase pathways for bioconversion of FA to vanillin, were
proposed (Kaur andChakraborty 2012). Of these, reductive path-
way (FA→ intermediate→ dihydroferulic acid→ homovanillic
acid → vanillic acid → vanillin) and CoA-dependent pathway
(FA → feruloyl CoA → vanillin) contributed significantly in
vanillin production in the metabolic engineered LAB isolate of
P. acidilactici BD16 (fcs+/ech+). Metabolite spectral analysis re-
vealed abundance of FA, FA fragmentation products, cinnamic
acid, and cinnamic acid fragmentation products in the early
hours. But with increase in time with the production of FAE,
FA, and dihydro FA was released and subsequently converted
into vanillin. Unlike native strain, vanillin production took place
through reductive or decarboxylation pathway in recombinant
strain of P. acidilactici BD16 (fcs+/ech+). We can conclude that
reductive pathway and enzyme carboxylic acid reductase (Car)
contributed less in the vanillin production from rice bran which
contributed most in case of native P. acidilactici BD16 isolate
(Fig. 4). But after 12 h, CoA-dependent pathway involving reac-
tions catalyzed by Fcs and Ech enzymes played a significant role
in improving vanillin yield in recombinant LAB strain.
Introduction of this metabolic pathway allowed a significant in-
crease in consumption rate of FA, which was spontaneously
converted into vanillin without its further fragmentation and at
24 h maximum vanillin production observed (Figs. 2 and 3 and
Fig. S6). Throughout the study, major vanillin degradation was
not observed indicating the stability of the produced vanillin after
24 h. Presence of vanillin degradation product like VAL and
protocatechuic acid was not detected in the fermentationmedium
which is one of the major advantage of using recombinant
P. acidilactici BD16 (fcs+/ech+) for vanillin biosynthesis gene
expression. However, with E. coli top 10 (fcs+/ech+), vanillin
production decreased after 6 h indicating a possible degradation

of vanillin. In order to make biotransformation of FA to vanillin
economically viable and to prevent further oxidation of vanillin
to vanillic acid, recombinant P. acidilactici BD 16 (fcs+/ech+)
strain can be a potential tool relevant for industrial production
of vanillin.

In this study, P. acidilactici BD16 (fcs+/ech+) was used
to convert the FA released from rice bran to vanillin. CoA-
dependent pathway involving reactions catalyzed by Fcs
and Ech enzymes played a significant role in improving
vanillin yield in recombinant LAB strain by fourfold com-
pared with its native strain P. acidilactici BD16 (MTCC
10973). In addition, vanillin degradation was not observed
adding merit to the process. P. acidilactici BD16 (fcs+/
ech+) strain can be used to prevent unwanted and toxic
by-products and thus can reduce the downstream process-
ing cost. Its productivity can be further improved by scal-
ing up of the process to industrial level.
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